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Abstract 
The write properties of the spin orbit torque (SOT) in-plane magnetoresistance (MR) 
device in a high-speed pulse region spanning a few nanoseconds were compared with those 
of type-X and type-Y devices. We measured the external perpendicular magnetic field 
dependence of the threshold write current density, Jth, and the write current switching 
probability in a type-X device. In addition, we compared the write current switching 
probabilities of the type-X and type-Y devices. The results showed that the type-X device 
required Hz higher than 1100 Oe in the region with write pulse width less than 2 ns, for Jth 
obtained in the type-X device to be lower compared with that in the type-Y device. The 
external perpendicular magnetic field required in the type-X device was dependent on the 
effective in-plane magnetic anisotropy field. Therefore, the effective in-plane magnetic 
anisotropy field, including the demagnetization field, shape anisotropy field, and 
perpendicular magnetic anisotropy field, was estimated using spin-torque ferromagnetic 
resonance (ST-FMR) measurement. Although a high perpendicular magnetic anisotropy field 
was applied to the in-plane magnetization, the type-X device required a high external 
magnetic field. Therefore, if a SOT device can be applied to a high external magnetic field, 
the type-X device can be employed owing to its high-speed writing and precipitous change of 
write probability. However, the application structure for the external magnetic field should be 
designed catering to its high stability and low variation. The requirement of no external 
magnetic field is the prime advantage of type-Y devices. 
 
Text 
  Spin orbit torque (SOT) magnetoresistance (MR) devices have attracted attention owing 
to their high speed, high endurance, and low power consumption. A high-speed write 
operation spanning less than 0.5 ns has already been conducted [1–6]. Because in-plane write 
current only goes through SOT wiring, the barrier layer in the magnetic tunnel junction 
(MTJ) can avoid breakdown. It is expected that the write endurance of the three-terminal 
SOT device is higher than that of the two-terminal spin transfer torque (STT) device. Write 
endurance up to 1012 cycles with tungsten (W)-SOT wiring has been reported experimentally 
[7]. SOT device can decrease the write current with size scaling of narrow SOT wiring 
because the SOT wiring as β-W is made up of metal [8]. 
It is known that the SOT device shows different write properties based on the relative 
angle between the magnetization direction of the free layer and the write current direction 
[9]. The three types of representative examples are as follows: the first one has a 
perpendicular magnetization direction called type-Z [1, 5, 6, 10–14]; the second one has an 
in-plane magnetization direction parallel to the write current, called type-X [15]; the third 
one has an in-plane magnetization direction orthogonal to the write current, called type-Y [7, 
15, 16]. The type-Y device can be switched with no external magnetic field because the 
direction of polarized spin current induced by the write current in the SOT wiring is anti-
parallel to the magnetization direction of the free layer, as an anti-damping torque. On the 
contrary, type-Z and type-X devices require an external magnetic field because the direction 
of spin polarization is orthogonal to the magnetization direction of the free layer. However, it 
is expected that this orthogonally polarized spin current can realize high-speed magnetization 
switching and curb the increase in the threshold write current density, Jth [9]. Few studies 
have experimentally investigated the switching properties of type-X devices. 
In this study, using type-Y and type-X devices with the same in-plane magnetization type, 
we measured the dependence of Jth and write current switching probability on an external 
perpendicular magnetic field Hz. We compared the write current switching properties of type-
Y and type-X devices. Moreover, because the required external perpendicular magnetic field 
in a type-X device might be dependent on the effective in-plane magnetic anisotropy field 
[17], we estimated the effective in-plane magnetic anisotropy field using spin-torque 
ferromagnetic resonance (ST-FMR) measurements [18–20]. 
 
The type-Y and type-X devices used the same MTJ film structure. The MTJ used in this 
study was a top-pinned type MTJ with a tungsten layer as SOT wiring. The stacking layer 
included a thermal oxide Si substrate/W (3 nm)/CoFeB-based free layer (2 nm)/MgO tunnel 
barrier/CoFeB-based Synthetic Antiferromagnetic (SAF) pinned layer/IrMn/capping layer. 
The post-annealing was conducted at 250 ℃ for 3 h in an in-plane magnetic field of over 1 T. 
The resistivity of the W-SOT was 233 μΩcm. We fabricated both type-Y and type-X devices 
using this MTJ film applying photolithography and ion milling process. Figure 1 (a) shows 
the schematic illustration of the type-Y device. The W-SOT wiring was 3-nm thick, 700-nm 
long, and 420-nm wide; its shape was elliptical with a 297-nm long axis and 360-nm short axis. 
The type-Y device had the long axis of MTJ orthogonal to the direction of the write current, 
and the type-X device had the long axis of MTJ parallel to the direction of the write current. 
Figure 1 (b) and (c) shows the R–H curves of type-Y and type-X devices in Hx, Hy, and Hz. In 
the type-Y device, the MR ratio was 84.0% and Rmin was 32.3 kΩ, and in the type-X device 
MR ratio was 76.7% and Rmin was 31.5 kΩ. The saturation field of the in-plane hard axis was 
approximately 500 Oe for both the types. We fabricated MTJs of approximately same level 
between the type-Y and type-X devices. Moreover, the thermal stability Δ of the type-Y 
device was 58.3 and measured using the switching probability of the external pulse magnetic 
field (pulse width 1 s) [21, 22](Figure 1 (d)). 
 
  First, we measured Jth of the type-Y and type-X devices. Figure 2 (a) shows the relationship 
between the Jth and the varied pulse width in the type-Y and type-X devices, depending on Hz. 
In each condition of pulse width and Hz, we measured the fifth R–J curve and calculated the 
average value of Jth by fifth of +Jth from Parallel state (P) to Anti Parallel state (AP) and fifth 
of –Jth from AP to P [7]. The type-Y device used no external magnetic field, and the type-X 
device used Hz ranging from 600 to 1600 Oe. In both these cases, Jth increased, as the pulse 
width became less than 10 ns. However, the increasing trend of Jth with decreasing pulse width 
in the type-X device was lower than that in the type-Y device, similar to the theoretical 
prediction [9]. On the contrary, Jth of the type-X device for pulse width 1 ns at 600 Oe was 
higher than that of the type-Y device. In Figure 2 (b), a plot of Jth as a function of Hz at pulse 
widths of 1 ns, 2 ns, 5 ns, and 10 ns was plotted. In the high-speed write pulse region, such as 
below 2 ns, the type-X device required Hz higher than 1100 Oe, for the Jth of type-X device to 
be lower than that of type-Y device. 
  Next, we discuss the write current switching probability. A plot of switching probability in 
100 write cycles as a function of the normalized write current density is shown in Figure 3. 
The pulse width was varied for 10 ns, 5 ns, and 1 ns. The type-Y device was measured under 
zero external magnetic field, and the type-X device was measured with Hz as 600 Oe, 800 Oe, 
and 1000 Oe. The lines are a guide to the eye based on Equation (1) as follows [21, 22]:  
   




















−∆−−−=
c
P
J
JP 1expexp1
0τ
τ          （１） 
τP is the pulse width, τ0 is the switching speed of magnetization (assumed 1 ns), Δ is the 
thermal stability, J is the applied write current density, and Jc is the critical current density. 
The normalized write current density was calculated using J/Jc. The behavior of write current 
switching probability of type-Y device remains unchanged from pulse width 10 ns to 1 ns. By 
contrast, the behavior of the write current switching probability of type-X device shows a 
precipitous change with increasing Hz and decreasing pulse width. It is suggested that the 
write properties as threshold write current density Jth and the write current switching 
probability of type-X device are sensitive to Hz and pulse width. 
  Finally, the required intensity of Hz in the type-X device for SOT switching was discussed 
based on the mechanism of SOT switching in a type-Z device [10–14]. According to reference 
[13], in terms of zenith and azimuth angles (θ, ϕ), defined as m = (sin θ cos ϕ, sin θ 
sin ϕ, cos θ), the following condition should be satisfied:  
Hs cos ϕ ＞ Hk sinθcosθ – Hx cosθcos ϕ   (2) 
Hk is the perpendicular magnetic anisotropy field, Hx is the external magnetic field along the 
x-direction, Hs = ¯ hϑ j/2eMd, where ϑ is the spin Hall angle of the nonmagnetic heavy metal, 
M is the saturation magnetization, and d is the thickness of the free layer. That is, the required 
in-plane external magnetic field Hx in the type-Z device is dependent on Hk. Because of the 
similar relation between the magnetization direction and the external magnetic field direction, 
it is predicted that Hz in a type-X device might be dependent on an effective in-plane magnetic 
anisotropy field along the x-axis [17]. 
  The effective in-plane magnetic anisotropy field was estimated using the ST-FMR 
measurement induced by SOT with a type-Y device because it was expected to display a large 
signal compared with the type-X device. Figure 4 (a) shows the schematic illustration of ST-
FMR measurement. In the type-Y device element, a -10 dBm AC signal was applied to the 
SOT wiring using a signal generator operating at 1–5 GHz, and the output voltage of MTJ 
was measured using a lock-in amplifier. The external magnetic field was in the z-direction 
(Hz) ranging from 400 to 3000 Oe. Figure 4 (b) shows the ST-FMR spectra at each Hz. The 
resonance frequency f was defined as the frequency at the peak position. Double peaks in the 
first peak appeared above 400 Oe and the second peak appeared above 800 Oe. They were 
obtained at each Hz, and both the peaks decreased with an increase in Hz. The dependence of 
f, defined as the first and second peak on Hz, is shown in Figure 5. This experimental relation 
of the first peak was adapted to Kittel’s FMR equation [23], which is expressed as follows: 
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Hkin=４πM (Ny – Nx) 
Hdemag = 4πM(Nz – Ny) 
where Hkin is the in-plane magnetic anisotropy field caused by shape anisotropy, Hk⊥ is the 
perpendicular magnetic anisotropy field, and Hdemag is the demagnetization field. The 
demagnetization factors were calculated as Nz = 0.9595, Nx = 0.0089, and Ny = 0.0315 based 
on the ellipse MTJ of a = 297 nm, b = 122 nm, and t = 2 nm [24]. Appropriate result to the 
first peak was as follows: M = 1540 emu/cc, Hkin = 440 Oe, Hdemag = 17.9 kOe, and Hk⊥ = 14.4 
kOe. The effective in-plane magnetic anisotropy field was determined as Hdemag + Hkin – Hk⊥ 
= 3.9 kOe. We fabricated a simple film consisting of the free layer as a thermal oxide Si 
substrate/W (3 nm)/CoFeB-based free layer (2 nm)/MgO tunnel barrier/capping layer and 
measured the saturation field Hsat (= Hdemag – Hk⊥) without the in-plane shape anisotropy 
using VSM measurement. An Hsat of 4.0 kOe was obtained and was similar to the value of 
Hdemag + Hkin – Hk⊥ estimated using the ST-FMR. It was found that the proposed type-Y and 
type-X device elements had high perpendicular anisotropy despite the in-plane easy axis of 
magnetization. This perpendicular anisotropy might have been caused by both the interface 
magnetic anisotropy of CoFeB/MgO [25, 26] and the W/CoFeB [27, 28]. The increase in the 
interface magnetic anisotropy of the free layer could decrease the required perpendicular 
magnetic field Hz in the type-X device; however, thermal stability Δ and data retention time 
with the in-plane magnetization could be lower and shorter, respectively.  
  We measured the external perpendicular magnetic field dependence of Jth and the write 
current switching probability in a type-X device. We compared the write current switching 
probabilities of type-X and type-Y devices. In the high-speed write pulse region, such as below 
2 ns, the type-X device required Hz higher than 1100 Oe for Jth in the type-X device to be 
lower compared to that in the type-Y device. Although the tendency of Jth to increase with 
decreasing pulse width and the precipitous change for the write current switching probability 
with increasing Jth was lesser in type-X device than the type-Y device, the type-X device 
required a high external magnetic field. If the SOT device can be applied to a high external 
magnetic field, the type-X device can be preferred owing to its high-speed writing and the 
precipitous change in write probability. However, the application structure for the external 
magnetic field should be designed owing to its high stability and low variation. The 
requirement of no external magnetic field is the prime advantage of type-Y devices. 
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Figure 1. (a) Schematic illustration of type-Y element; (b) R-H curves of type-Y and (c) R-H 
curves of type-X (external magnetic field along the x-axis (Hx), y-axis (Hy), and z-axis (Hz)); 
(d) switching probability of external pulse magnetic field with type-Y, obtained thermal 
stability Δ = 58.3 
 
 
 
 
 
 
 
 
Figure 2. (a) Relationship of Jth and the varying pulse width in type-Y and type-X devices, 
depending on Hz (b) plot of Jth as a function of Hz at pulse widths of 1 ns, 2 ns, 5 ns, and 10 
ns with type-Y (Hz = 0 Oe) and type-X devices 
 
 
 
 
Figure 3. Write current switching probability in 100 write cycles as a function of the 
normalized write current density for type-Y and type-X devices, with pulse widths of (a) 10 
ns, (b) 5 ns, and (c) 1 ns 
 
Figure 4. (a) Schematic illustration of the measurement system for ST-FMR with type-Y; –10 
dBM applied AC signal via SOT wiring using signal generator providing 1–5 GHz (b) 
spectrums dependent on Hz ranging from 400 to 3000 Oe 
 
 
 
 
 Figure 5. Dependence of f, defined as the first and second peak on Hz; (solid line was the 
fitting line from Kittel’s FMR equation) 
 
 
 
 
 
 
 
 
 
